Introduction
The Ilizarov system of reconstructive management of long bone defects is based on the principle of non-free bone plasty [1] . It implies that bone loss is compensated for by distraction regeneration and results in consolidation at the docking site of the transported bone fragment. Moreover, the soft tissue envelope remains preserved and allows for bone growth in length and shape [1] [2] [3] [4] . The technique of the Ilizarov bone transport following osteotomy of a defect fragment has been used by orthopaedic surgeons worldwide, and its merits are well known [2] [3] [4] [5] [6] [7] . Nevertheless, despite the high rehabilitation effect of the Ilizarov non-free bone plasty, a number of authors emphasize that it requires several stages and takes a long time in cases of extensive bone defects [5] [6] [7] [8] . The surgeons of the Russian Ilizarov Scientific Center proposed technologies of distraction osteosynthesis for bone plasty through several distraction areas in an affected segment in order to cover an extensive defect at a single stage by growing bone tissue that structurally remodels during a shorter time of transosseous osteosynthesis [10, 11] . Therefore, this study was aimed at presenting the experimental findings of multilevel defect management performed by the author and its clinical introduction that could provide a solution for reducing the total treatment time.
Materials and methods

Experiment
Sixty-six adult dogs were included in the experiment performed at the author's institution between 2000 and 2005. Defects were modeled in the distal metadiaphysis (groups I, II), proximal metadiaphysis (groups III, IV), and diaphysis (group V) of the tibia. They measured 20.9 ± 0.3 % of the original tibial length. Each animal in groups I and III underwent bifocal distraction in one post-resection fragment consecutively using the Ilizarov apparatus while in groups II, IV and V distraction was simultaneous at two levels. The proximal fragments were lengthened in the conditions of preserved blood supply but the distal ones had disturbed major blood flow. The experimental models developed were similar to long bone defects that can be encountered in clinical practice due to resection, injury, repeated surgeries or failures. The experimental conditions and devices were adequate to clinical situations and allowed for bone formation monitoring during distraction and fixation.
Clinical application
Seventy-eight consecutive patients aged from seven to 49 years underwent surgeries due to long bones defects that averaged 13.5±0.7 cm (range 6.0-30 cm) and were managed with the techniques of multilevel lengthening using the Ilizarov apparatus. The pathology had formed from six months to 29 years prior to admission to our hospital (mean 5.8±0.7 years). The records of patients who had been treated at the author's department till the end of 2011 were studied retrospectively. Thirteen patients had femoral defects, 19 had forearm bones defects, and five cases were humeral defects. The largest group was 41 patients with tibial defects. The pathology was caused by injuries in 40 individuals; 19 had segmental bone resection defects due to primary tumour and nine due to hematogenous osteomyelitis; ten cases were of congenital etiology.
Radiography, CT, histological and clinical studies were used to evaluate bone regeneration.
The studies were approved by the institutional ethical committee and were performed in accordance with the ethical standards laid down in the Declaration of Helsinki. All persons included into the study gave their informed consent and the study of human subjects followed the rules of clinical practice in the Russian Federation (RF Ministry of health order # 266). The "Principles of laboratory animal care" were followed, as well as the national regulations on laboratory practice (RF Ministry of health orders # 755, 267).
Results
Experiment
Distraction regeneration by dosed transport of non-free osteotomised autologous grafts in post-resection gaps had zonal structure (Fig. 1 ). In the animals of groups I, II and V, bone formation was provided by active participation of endosteal and periosteal bone structures in the distraction osteogenesis. Layers of cancellous bone tissue formed on the surface of transported fragment portions, particularly on the distal one. More cancellous bone was formed on the non-free autografts during their consecutive transport. Resorption cavities were formed in the cortices of the fragment portions (Fig. 2) . The cortices of the transported fragment portions were thick enough due to compact periosteal layers of newly formed cancellous bone tissue. Lengthening of the proximal fragments in favourable conditions was for restoration of the anatomical and functional integrity of the intraosseous arterial network in the affected tibia (Fig. 3) . The two-level but non-invasive break of the fragment for performing bifocal lengthening did not interrupt blood flow along the nutrient artery to the transported portions. Bone formation by two-level lengthening of the distal tibial fragment in groups III and IV featured participation of mostly periosteal bone structures. The disturbed medullary blood flow in the distal tibial fragment had predetermined the decreased activity of endosteal osteogenesis. The transported fragment portions had porous cortices and numerous resorption cavities filled in with necrotic content. Periosteal cancellous bone layers were not observed along the entire periphery of fragment portions and were less than 1 mm thick. Distraction regeneration was of the hypoplastic type (Fig. 1) . Planimetric evaluation of the distraction osteogenesis revealed that the gap in the regenerates exceeded the area of newly formed bone tissue. It took a longer period for regenerated bone to restructure into typical bone tissue after the apparatus had been removed. Hypoplastic regenerates were unstable to functional loading for a long period. Moreover, bifocal distal fragment lengthening was characterized by prolonged disturbance in the major medullary blood flow. In the animals of group III, the major flow along the nutrient artery was observed in the proximal fragment portion only at the end of the fixation period. However, the CT study showed restored major blood flow in the proximal regeneration area with the nutrient artery bone marrow canal formed by day 31 of fixation (Fig. 4) . The major blood flow along the intraosseous pool was observed in the animals of group IV only by fixation day 74. Regenerated bone tissue mineralization followed the same pattern in all groups, i.e. bone density values in the newly formed bone parts approximated the values of the matched parts in the contralateral segment by the period from six to nine months in the groups I, II and V after removal of the apparatus but in the animals of groups III and IV only after 1.5 years.
Clinical application
Two main techniques of distraction osteogenesis were used for bone defect management in our series of patients, with multilevel one-fragment lengthening in 48 cases and both fragments lengthened in 21 patients. Seven cases were treated by a combination of the above techniques. Two clinical situations required multilevel lengthening in one fragment and lengthening in the adjacent segment. The variants are shown in the diagrams (Fig. 5 ).
All bone defects bridged during one stage and united at docking sites. For all segments, distraction averaged 110.4± 7.7 days and fixation period was 160.9±9.4 days.
We compared the outcome measures that refer to treatment duration of large tibial defects that ranged from 12 to 14 cm by using Ilizarov traditional bone transport (bifocal compression distraction method, combined or consecutive techniques) and by multilevel techniques (consecutive and simultaneous). Table 1 demonstrates that distraction period can be reduced 2.5 times and fixation from 1.3 to 1.9 times when the multilevel techniques were used.
Discussion
Critical-size bone defects are a challenging problem for orthopaedic surgeons. At present, the two prevailing methods for bone defect repair that provide vascular ties of the graft with the soft tissues are the Ilizarov non-free bone plasty and free vascularized grafts. They are considered to be methods of choice, and the studies that compared the efficiency of these two methods stated that there were no great advantages between them in obtaining anatomic integrity or functional outcomes [12] [13] [14] .
Long bone defect fragment lengthening could be an ideal type of bone plasty by which a non-free vascularized bone graft is transported gradually and purposefully to the targeted area. But appreciating greatly the Ilizarov non-free bone plasty for bone defect management, most authors emphasize its essential drawback, the so called "Achilles heel", i.e. a long treatment period that requires great patient's compliance and constant care by an orthopaedic surgeon [5] [6] [7] [8] 15] .
Therefore, a large-scale experiment was undertaken to reveal bone formation during extensive defect repair using distraction osteogenesis in several foci. It proved bone formation consistency and reduction of distraction time due to bifocal regeneration. It also showed high activity of endosteal and periosteal distraction osteogenesis by two-level fragment lengthening in the conditions of preserved major blood flow. When two-level transport was performed by disturbed major intraosseous vessels the regeneration areas were hypoplastic. Bone regeneration took a longer time but the process was adaptive. A number of previous experiments had also shown the importance of blood supply for bone regeneration and osteogenic potential of bone plasty but the conditions of experiments were different [16, 17] . As for clinical situations, some surgeons use bone transport over intramedullary nail to avoid wearing an external fixator for a long time during defect repair but the combination cannot accelerate distraction osteogenesis [8, 9, 15] .
The analysis of multilevel lengthening in our series testified its efficiency in reducing the total treatment time at one stage. Multilevel techniques for defect management have been already used by several authors, and they advocate them [18] [19] [20] . However, all existing methods of large defect repair are technically demanding and yield good results in the hands of experienced surgeons.
Conclusion
The experimental findings have revealed that multilevel techniques of non-free bone plasty are competent in restoring the anatomy and function of the affected limb segments.
The clinical outcomes of their use for long bone heterogenic defect reconstruction have confirmed the possibility of reducing the time and the number of treatment stages. The results obtained are good grounds for application of multilevel non-free Ilizarov bone plasty in clinical practice.
